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ABSTRACT 
The scope of research and application related to permeable pavements has recently 
broadened. The desire to significantly reduce the environmental impact of large paved areas 
makes the permeable pavement concept more desirable (American Concrete Institute, 2018). 
Although research and interest are increasing, the actual application of permeable pavement is 
still very limited and has not reached the airfield arena. In airfields, permeable pavement could 
possibly be used for aircraft aprons - which currently require substantial measures to control 
stormwater runoff. Permeable pavements are typically used in low-traffic-volume / lightly loaded 
applications; questions remain regarding a permeable pavement’s ability to hold the load of an 
aircraft. In the highways arena, there is a greater emphasis on pavement performance, resulting 
in a shift from prescriptive specifications to performance specifications for pavements 
(Ahlstrom, 2018). Performance Engineered Mixtures (PEM) are recently developed performance 
specifications proposed by the American Association of State Highway and Transportation 
Officials (AASHTO, 2018). PEM’s specifications and new technology for testing aim to improve 
durability and increase sustainable efforts within concrete pavements. This project seeks to apply 
new PEM technology and testing to permeable concrete, and to assess the feasibility of applying 
permeable concrete to airfield pavements. 
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INTRODUCTION 
Over the past twenty-five years, advances in stormwater management technologies have 
increased in the United States (Eisenberg, 2015). Permeable pavement can be used as a 
stormwater management practice because it reduces the area of impervious surfaces. These 
systems consist of a surface layers where water can pass through, underlain by permeable base 
and subbase materials (Eisenberg, 2015). Key benefits of such systems include: reduction of 
runoff volumes; increased infiltration and recharge; improved water quality; reduction of heat 
island effect; reduction of drainage infrastructures and costs; and pavement surface benefits 
(American Concrete Institute, 2020). 
The benefits and need for permeable pavements are significant in highly paved areas, or 
areas with impervious surfaces. Like other highly paved areas, airfields face these same 
problems. The aviation community continues to focus on minimizing critical runway closure and 
maintenance (Godiwalla, 2004). The application of permeable pavements offers the opportunity 
to help with infiltration of water and drainage. Combining permeable pavements with recently 
developed Performance Engineered Mixtures (PEM) technologies for concrete could lead to both 
stormwater/drainage benefits and increased durability and sustainability for airfield pavements. 
PEM technologies aim to aid in understanding what makes concrete last, identify failure 
mechanisms, specify the critical properties, and test for the properties. Pavements have not 
always performed as designed, thus a quality assurance driven specification, like PEM, is needed 
(Ahlstrom, 2018). This research combines the concepts of PEM and permeable pavements to 
explore innovation opportunities in pavement design and performance. 
 This thesis focuses on two main objectives. First, PEM technologies and concepts are 
applied to the mixture design for permeable concrete. The Performance Engineered Permeable 
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Mixture (PEPM) is then compared to a traditional permeable concrete mix design to determine if 
differences exist in the engineering properties. Comparison is based on the mix proportions, 
workability, permeability, and strength of the permeable concrete. The second objective is to 
assess the feasibility of using such permeable concrete pavements in airfield applications through 
the exploration of pertinent literature. 
 
BACKGROUND 
 Understanding the basics of permeable concrete is essential before combining the 
practices of PEM. The American Concrete Institute (ACI) defines permeable concrete as 
hydraulic cement concrete proportioned with sufficient interconnected voids that result in a 
highly pervious material. Permeable concrete, also referred to as pervious concrete, typically is 
classified as a near zero slump, open- graded material consisting of Portland cement, coarse 
aggregate, little to no fine aggregate, admixtures, and water (American Concrete Institute, 2020). 
The hardened material consisting of these ingredients will contain connected pores that allow 
water to pass through easily. Typical properties include: a pore size of 0.08 to 0.32 inches; a void 
content range of 15 to 35%; compressive strengths of 400 to 4000 psi; and a drainage rate 
between 2 to 18 gallons/minute/square foot (American Concrete Institute, 2020). The drainage 
rate of permeable concrete is dependent on the aggregate size and density of the mix (American 
Concrete Institute, 2020). Since the first reported use of pervious concrete in Canada in 1960, 
pervious concrete has been applied in a wide range of scenarios (American Concrete Institute, 
2020).  
A few applications span from parking lots, greenhouse floors, surface course for parks 
and tennis courts, to base course for streets, roads, driveways, and airports. The benefits of 
permeable concrete compared to conventional concrete pavements include: controlling 
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stormwater pollution at the source; increasing facilities for parking by eliminating the need for 
water-retention areas; controlling stormwater runoff; reducing hydroplaning on road and 
highwater surfaces; creating additional lift to aircraft during takeoff due to the cooling effect; 
reducing glare on road surfaces when wet; reducing the interaction noise between tire and 
pavement; eliminating or reducing the size of storm sewers; and direct replenishment of ground 
water (American Concrete Institute, 2020). While there are many advantages for the application 
of permeable concrete, potential disadvantages and challenges are common. Such challenges are 
limitations on heavy vehicle traffic, specialized construction practices, extended curing time, and 
lack of standardized test methods. Both the advantages and disadvantages must be taken into 
account when considering the application for airfields.  
Airfields, or airports, feature extensive paved areas, mostly with impermeable pavements. 
The combination of paved runways, taxiways, aprons, roadways, and parking lots at airports 
across the United Sates exceeds a billion square yards of pavement (Bruinsma, 2017). These 
extensive impervious areas have the ability to increase both storm water runoff and stormwater 
pollutants (Bruinsma, 2017). Applying permeable pavement to airfields will have many 
advantages. While permeable pavements have been implemented frequently, little information is 
available related to uses in airports (Bruinsma, 2017). Little guidance on permeable pavements is 
provided to airport designers and operators for the design, construction, and maintenance from 
the Federal Aviation Administration (Bruinsma, 2017). The lack of guidance is due in part to a 
marked lack of testing of permeable pavement performance under high wheel loads and tire 
pressures associated with aircrafts. The focus areas when applying permeable pavements to 
airfields are the hydrologic design, vehicle loading, and frost depth considerations (Bruinsma, 
2017).  
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 In addition to the basics of permeable concrete, PEM must also be explained. PEM was 
initially proposed due to concrete paving specifications not keeping pace with advancements in 
concrete science and innovations in testing (Crackler, 2017). Collaboration to develop more 
advanced paving specifications lead to the publishing of AASHTO PP 84-17 in 2017. In order to 
control concrete mixture performance, PEM focuses on aggregate stability, fluid transport 
properties, cold weather, shrinkage, strength, and workability (Crackler, 2017). While all six key 
PEM requirements are significant to conventional concrete, the specific areas of focus for the 
application of permeable concrete are concrete strength and workability. According to PEM, the 
design strength requirement must be met, but it also must be workable and durable for the 
specific environment (Crackler, 2017). Concrete strength is a function of aggregates, cement 
paste, water-cement ratio, and supplementary cementing materials. For the scope of this research, 
aggregate selection is applied to permeable concrete. One recently developed methodology is the 
tarantula curve. A gradation plotted within the tarantula curve envelope will be close to a 
maximum density while still maintaining good workability and finishing characteristics 
(Crackler, 2017).  
The scope of this project aligns with the Federal Highway Administration’s vision for 
Performance-Related Specifications: to have a more rapid and better measurement of pavement 
properties, a positive correlation to performance, and to grant contractors more control for 
specifications on each project (Ahlstrom, 2018). Permeable pavements are safer because of the 
reduced risk of hydroplaning and overall are more sustainable. PEM designed pavements focus 
on assuring quality, performance of the pavements, and seek sustainability. Together, the results 
of a PEPM could overcome some pavement challenges. 
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 MIX DESIGN PROCEDURES 
 To properly assess if PEMs can be applied to permeable concrete, two mix designs were 
created, one for standard permeable concrete and one applying PEM techniques. Both mix 
designs were created in accordance with the National Ready Mixed Concrete Association’s 
Guideline to Proportioning Pervious Concrete Mixtures (NRMCA, 2009), with the PEPM more 
loosely following in regard to gradation. Comparisons between two different mixtures, the 
traditional permeable mix design and the performance engineered permeable mix design, are 
made by comparing the experimental results for workability, permeability, compressive strength, 
and flexural strength. The following sections outline the specifics on how each of the mix 
designs was produced.  
 
Traditional Permeable Concrete Mix Design 
The traditional permeable mix design was created for another project titled Structural 
Design Guidelines for Pervious Concrete Pavements (Smith, 2019). Smith’s mix was designed 
by following the National Ready Mixed Concrete Association’s Guideline to Proportioning 
Pervious Concrete Mixtures (NRMCA, 2009). For the purpose of this research, only the mix 
design containing zero percent fly ash was used because the PEPM did not contain fly ash. The 
gradation of the mix follows the AASHTO No. 67 gradation for pervious mix design but 
excludes fine aggregates. Thus, the mix design depicted in Table 1, only contains aggregate sizes 
retained on the No. 4 sieve and above.  
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Table 1. Aggregate Gradation for Traditional Permeable Concrete Mix Design.  
(Smith, 2020) 
Sieve Size  Percent Passing  
1/2”  67%  
3/8”  33%  
No. 4  0%  
  
 
A key component of permeable concrete batching is designing a paste consistency 
capable of covering all aggregate, but not preventing the flow of water. ASTM C305-14 was 
used to select the optimum water to cementitious material ratio. The water to cementitious 
material ratio for this mix was designed to be 0.41.  
 
Performance Engineered Permeable Mix Design 
Like the previous pervious mix design, the National Ready Mixed Concrete Association’s 
Guideline to Proportioning Pervious Concrete Mixtures (NRMCA, 2009) was used as a 
guideline for the designing of the PEPM. The selection of the aggregate gradation is the major 
application of PEM techniques. For the selection of aggregate gradation, the tarantula curve was 
used based on the claim that it is “one of the most promising recent methodologies” by the 
Concrete Road Map (Crackler, 2017).  Rather than using a No. 67 coarse aggregate with no fine 
aggregates as the National Ready Mixed Concrete Association’s Guideline to Proportioning 
Pervious Concrete Mixtures suggests, a unique gradation was designed to fall within the 
tarantula curve, see Figure 1. 
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Figure 1. Tarantula curve (Crackler 2017). 
 
Mixes that fall within the tarantula curve envelope allow for good workability and finishing 
characteristics, while still being close to an allowable maximum density (Crackler, 2017). To 
achieve these qualities, the PEMD is designed to fall within this envelope and includes coarse 
aggregate, fine aggregate, and a small portion of sand. Using previously measured stockpile 
gradations, a specific factored split of the different aggregates was manipulated until the percent 
of aggregate retained values fell within the envelope of the tarantula curve. Appendix A details 
the specifics of the factored splits. When considering the amount of sand, the goal was to align 
with the NRMCA’s guideline of the sand content being between five and ten percent by weight 
of the total aggregate. The final percent by weight for the design aggregate blend was 11 percent, 
which slightly exceeds the recommended maximum value. Figure 2 shows the final aggregate 
blend gradation within the tarantula curve. 
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Figure 2. Final aggregate blend gradation on the tarantula curve. 
 
Using the design blend of the stockpile gradations, the final aggregate gradation of the PEPM is 
provided in Table 2.  
Table 2. Aggregate Gradation for PEPM. 
Sieve Size Percent Passing 
1-1/2" 100% 
1" 100% 
3/4" 83.5% 
1/2" 64.1% 
3/8" 45.1% 
#4 25.9% 
#8 14.3% 
#16 12.9% 
#30 8.1% 
#50 2.5% 
#100 1.2% 
#200 0.0% 
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The two mixes are purposefully designed using differing methods. The PEPM includes 
fine aggregates and sand, while the traditional permeable mixture contains only coarse aggregate. 
The content of fine aggregate is limited in most traditional permeable concrete mixtures due to 
the possibility of it compromising the necessary connections of the pore system (American 
Concrete Institute, 2020). The PEPM includes fine aggregates despite this possibility to fit within 
the tarantula curve. Below, Figure 3 shows how the two mix designs compare in percent passing 
for each sieve. 
 
Figure 3. Comparison of mix designs for percent passing values. 
 
A comparison of gradation curves using a more traditional plot (Figure 3) does not fully depict 
the stark contrast between the two mixes. Figure 4 presents a much more drastic comparison of 
the mix designs, using the tarantula curve. 
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Figure 4. Traditional Permeable Mix Design and PEPMD plotted on a tarantula curve. 
 
Figure 4 shows the major differences of PEM designed concrete and traditional permeable mix 
designs. It is apparent that the gradations are significantly different. 
Similar to the traditional permeable mix design, the water to cementitious material ratio 
(w/cm) was specifically determined for this mix. Optimizing the paste consistency is crucial for 
pervious pavements to prevent either raveling or paste run down. A good range of ratios, defined 
by the Concrete Pavement Road Map, for paving concrete, not specifically pervious pavement, is 
within 0.40 and 0.45 (Crackler, 2017). As done before, ASTM C305-14 was followed to produce 
multiple trial batches of paste with different ratios starting at 0.27 proceeding to 0.41 in 
increments of 0.02. Following the making of paste, the consistencies of the pastes were tested 
using a flow cone mold and tamping table in accordance with ASTM C1437-15. The tamping 
table and paste after being tamped is depicted in Figure 5.  
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Figure 5. Tamped paste on tamping table.  
 
NRMCA’s guideline specified a paste of correct consistency using Portland cement will be when 
the average measured flow after tamping is five inches in diameter. Based on the trials, the 
determined optimum w/cm ratio was 0.41, the same as the traditional pervious mix design.  
Based on the aggregate characteristics, cement characteristics, and the mixture 
requirements, the recommended paste volume was calculated using NRMCA’s Pervious 
Concrete Mixture Requirements interactive Excel Spreadsheet. Appendix B contains the specifics 
and depiction of the spreadsheet. Using the compiled information, the mix design was 
proportioned and batched for mixing in order to perform the workability, permeability, 
compressive strength, and flexural strength tests.  
 
LABORATORY TESTS 
The focus of this research includes four properties of permeable concrete: workability, 
permeability, compressive strength, and flexural strength.  The testing of these specific 
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properties aims to establish if the PEPM can maintain permeable concrete qualities when 
compared to a traditional permeable concrete mix design. The two pervious concrete mixtures 
were mixed in accordance with the ASTM C192/C192M-18. All batches for the PEPM and 
traditional permeable mixture were batched on the same day. Separate batches were created for 
beams and cylinders. Some data pertaining to the traditional permeable mixture’s compressive 
and flexural strengths are used from Smith’s previously cited report (Smith, 2019). The 
following sections detail the individual tests.  
 
Workability 
 In PEM, the new tests aim to create a workability assessment better than the slump test, 
which primarily serves as a quality control check, not a means of measurement of workability. 
To this day, there is not a widely accepted test for workability in concrete. The two new tests 
pertaining to PEM are the Box Test and the V-Kelly Test, both aiming to better represent how a 
low-slump mix responds to vibration (Crackler, 2017). These tests inspect for excessive voids, 
voids being detrimental in Portland cement concrete. However, voids are a necessary component 
of permeable pavement. Due to the lack of application of these tests, further research was 
conducted to seek a workability test applicable to permeable concrete. 
 In a study conducted by Clemson University, a pervious concrete workability 
characterizing device called the U-Slump was designed (Jimma, 2014). The U-Slump focuses on 
characterizing the flowability (thought to relate to workability) by simulating the flow of the mix 
in a chute of a ready-mix truck (Jimma, 2014). The test is both quantitative and qualitative. 
Quantitatively, the smallest angle at which the mix flows continuously down the chute is 
recorded. Qualitatively, the test evaluates the type of flow, continuous or discontinuous. A 
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similar device, following the specifications outlined in the Clemson report, was created to 
simulate this test, see Figure 6.  
 
     
(a)                  (b)                       (c) 
Figure 6. U-Slump Apparatus (a) filling, (b) preparing to lift guard, (c) fallen concrete after 
removal of guard. 
 
 The U-Slump test is performed by adding 1000 grams of the wet pervious concrete mix 
behind the removable wall at a starting angle of five degrees. The wall is then removed, the 
concrete is judged to determine if the mixture moves, and then the chute is raised to a higher 
angle until the mixture reaches the end of the chute. The angle at which the concrete mixture 
reaches the end of the chute is recorded as the U-Slump angle. The Clemson study outlines how 
to evaluate these results using Table 3.  
 
Table 3. Interpretation of U-Slump Test Results (Jimma, 2014). 
Flow Visual Rating U-Slump Angle PCPC Workability 
No initial displacement when the block 
removed, interrupted flow or sudden fall Any angle 
Poor 
Redesign the mix 
Displaces by its own weight initially when 
the block is removed and flow uniformly to 
semi-uniformly as a continuum 
Up to 25 degree Excellent 
26 – 28 degree Fair 
Above 28 degree Low 
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This experiment was performed three times for each permeable mix design. The results from this 
test are found in Table 4.  
 
Table 4. Results of U-Slump Test. 
 Traditional PEPM 
 Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3 
Angle (degree) 21 23 23 24 24 22 
Average Angle 22.3 23.3 
Flow Visual Uniform Uniform Uniform Uniform Uniform Uniform 
PCPC 
Workability Excellent Excellent Excellent Excellent Excellent Excellent 
 
Permeability 
 Pervious concrete’s distinguishing feature when compared to traditional Portland cement 
concrete is its ability to percolate water through it. The quantifying factor is the percolation rate 
of the permeable concrete. The two permeable mix designs have different gradations, likely 
creating a significant difference in the pore sizes, which is directly related to the percolation rate 
(American Concrete Institute, 2020). The percolation rate, or the permeability, can be measured 
by a simple falling-head permeameter, as seen in the ACI Report on Pervious Concrete 
(American Institute of Concrete, 2020). The apparatus described in the ACI Report on Pervious 
Concrete was recreated for the testing in this project, see Figure 7. 
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(a)  (b)  (c) 
Figure 7. Simple falling-head permeameter, (a) assembly of permeameter, (b) assembled 
apparatus, (c) filling the apparatus with water.  
 
The simple falling-head permeameter contains a graduated cylinder, the sample, a membrane, a 
valve, and a drainpipe. When the sample is surrounded by the membrane and tightened into the 
apparatus, the specimen is ready for preconditioning. Water is added to the assembled apparatus, 
allowing the water to flow through the specimen and into the drainpipe until the level in the 
drainpipe is at the same height as the top of the cylinder. The valve is then closed, and the 
remaining water is added until the initial head, h1, is reached. To begin the test the valve door is 
opened and the time taken for the water to fall to the final head, h2, is recorded. The initial head 
is calibrated to be 11.6 inches and the final head is 2.8 inches. The permeability, k, is then 
expressed in Equation 1. 
 𝑘 = !"         (1) 
Where: 𝑘 = 	𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦	(𝑖𝑛𝑐ℎ𝑒𝑠/𝑠𝑒𝑐𝑜𝑛𝑑)	 
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𝑡 = 	𝑡𝑖𝑚𝑒	(𝑠𝑒𝑐𝑜𝑛𝑑𝑠)	 𝐴 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡	(𝑖𝑛𝑐ℎ𝑒𝑠) = 7.7	𝑖𝑛𝑐ℎ𝑒𝑠 
 
The test was performed on three different cylinders for each mix designed. The cylinders were 
cured in an environmental chamber for fourteen days before this test was performed. Three timed 
trials were recorded for each specimen. A cylinder of each mix design is pictured in Figure 6.  
The results from the trials are shown in Table 5. 
 
   
   (a)       (b) 
Figure 8. (a) Top view of both traditional (left) and PEM (right) permeable concrete specimens, 
(b) side view of both specimens. 
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Table 5. Results from the simple falling-head permeameter test. 
 
Traditional Permeable 
Mix   PEPM 
Cylinder: 1 2 3   1 2 3 
 Flow Time, t (sec) 
Trial 1 12.20 10.94 8.99  14.55 13.07 17.96 
Trial 2 12.08 10.46 9.35  14.00 13.25 16.77 
Trial 3 11.98 10.05 8.85  14.47 13.16 17.11 
Cylinder 
Average 12.09 10.48 9.06  
14.34 13.16 17.28 
 Permeability, k (in/sec) 
Cylinder 
Average 0.64 0.73 0.85  
0.54 0.59 0.45 
Mixture 
Average 0.74  
0.52 
 Permeability, k (in/min) 
Mixture 
Average 44.42  
31.35 
 
The trial times were averaged for each cylinder to compute permeability, k, for each cylinder. 
The k for each cylinder were then averaged for each concrete mixture, see Table 5. A typical 
value of k is between 0.0167 to 233 in/min (American Concrete Institute, 2020).  
 
Compressive Strength 
 Nine PEPM specimens were batched into cylinders with a height of eight inches and a 
diameter of four inches. Three cylinders of the same dimensions were also batched of the 
traditional permeable mixture. Only three of the traditional mixture were batched because 
previous data from Smith’s compressive strength tests were used. After batching, the cylinders 
were covered with dampened burlap sacks to set overnight and then submerged in an 
environmentally controlled water bath in accordance with the ASTM. The cylinders remained in 
the water bath until the breaking on the seventh, fourteenth, and twenty-eighth days after mixing. 
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Three cylinders of the PEPM and one of traditional permeable mixture were broken for each day 
(see Figure 9).   
 
       
  (a)    (b)     (c) 
Figure 9. (a) Batching of the PEPM concrete, (b) cylinder ready to break, (c) cylinder after it has 
reached maximum load. 
 
The results of both the previous breaks from Smith’s zero percent fly ash mixture and the new 
values are represented in Table 6. When the samples failed, the specimen typically had brittle 
failure. The failure often resulted in the popping of the aggregate, as seen in Figure 9 (c). 
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Table 6. Traditional pervious concrete mixture and PEPM compressive strengths. 
Traditional Pervious Concrete Mixture 
Compressive Strength (psi) 
Day 1 2 3 4  Average 
7 (8) 1869 1957 ---  859 1562 
14 (15) 1677 1073 1678 933 1340 
28 1375 1572 1331 1255 1383 
PEPM  
Compressive Strength (psi)  
Day 1 2 3 Average  
7 668 986 890 848  
14 1275 510 1179 988  
28 1147 1387 1147 1227  
 
The average of the results provided in Table 6 are depicted in Figure 10.  
 
Figure 10. Compressive strengths of mixtures at seven, fourteen, and twenty-eight days. 
 
Flexural Strength 
 To measure flexural strength of the two pervious concrete mixes, the 3-point beam test 
was conducted to determine the pervious concrete’s modulus of rupture. Like the cylinders, the 
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beams were batched, set, and submerged into a climate-controlled water bath following the 
ASTM C192/C192M-18. Two beams were made using each mixture for each day of breaking, 
totaling twelve beams. The 3-point beam test was run on the seventh, fourteenth, and twenty-
eighth days after batching in accordance with ASTM C78/C78M-18, see Figure 11. 
 
       
  (a)     (b)    (c) 
 
Figure 11. (a) Mixing of beams, (b) a beam ready to be broken, (c) a fully broken beam. 
 
All breaks were within the middle third of the beams, thus the modulus of rupture was calculated 
using Equation 2.  𝑅 = #$%&!     (2)  
Where:  𝑅 = 𝑚𝑜𝑑𝑢𝑙𝑢𝑠	𝑜𝑓	𝑟𝑢𝑝𝑡𝑢𝑟𝑒	(𝑝𝑠𝑖) 𝑃 = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚	𝑎𝑝𝑝𝑙𝑖𝑒𝑑	𝑙𝑜𝑎𝑑	𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑒𝑑	𝑏𝑦	𝑡𝑒𝑠𝑡𝑖𝑛𝑔	𝑚𝑎𝑐ℎ𝑖𝑛𝑒	(𝑙𝑏) 𝐿 = 𝑠𝑝𝑎𝑛	𝑙𝑒𝑛𝑔𝑡ℎ	𝑜𝑓	𝑏𝑒𝑎𝑚	(𝑖𝑛) 𝑏 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑤𝑖𝑑𝑡ℎ	𝑜𝑓	𝑏𝑒𝑎𝑚	𝑎𝑡	𝑡ℎ𝑒	𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒	(𝑖𝑛) 𝑑 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑑𝑒𝑝𝑡ℎ	𝑜𝑓	𝑏𝑒𝑎𝑚	𝑎𝑡	𝑡ℎ𝑒	𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒	(𝑖𝑛) 
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Table 7 shows the the respective day modulus of rupture for each beam and the average for each 
mix. 
Table 7.  Flexural strength for each day for both PEPM and Traditional Permeable Mix. 
 Modulus of Rupture, R (psi) 
 
Traditional 
Permeable Mix  
PEPM 
7-day 
Beam 1 224  Beam 1 252 
Beam 2 233  Beam 2 321 
Average 229   Average 287 
14-day 
Beam 1 218  Beam 1 274 
Beam 2 289  Beam 2 356 
Average 254   Average 315 
28-day 
Beam 1 233  Beam 1 273 
Beam 2 238  Beam 2 200 
Average 236   Average 237 
 
RESULTS: COMPARISON OF THE TWO MIXES  
 Before any tests were conducted, it was hypothesized that the mix designs would perform 
differently in regard to certain concrete properties. The traditional permeable mix was designed 
according to normal pervious concrete parameters, whereas the PEPM was designed to 
incorporate Performance Engineered Mix Design techniques, specifically gradating within the 
Tarantula Curve. The question under study is, has this major adjustment caused a significant 
difference in mixture properties? In the following sections the workability, permeability, 
compressive strength, and flexural strength test results are discussed. 
 
Workability 
 Part of the PEM’s goal is to improve workability. Theoretically, the workability of a mix 
should improve for a finer mix. The U-Slump results for both mixes yielded similar results. Both 
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mix designs fell down the simulated chute in a uniform manner and reached the end of the cute 
before tilting it greater than twenty-five degrees. The slight variance was the degree at which the 
mixes reached the end of the chute. The traditional pervious mixture yielded an angle of 22.3 
degrees and the PEPM yielded an angle of 23.3 degrees. The difference of angles is very small, 
1.0 degrees. The results from this test indicate changing a permeable mix to fit within a Tarantula 
plot yields similar workability.  
 
Permeability  
A risk associated with adding fine aggregates to permeable concrete is the chance of 
lowering the permeability of the pervious concrete. The simple-falling head permeameter test 
proved this to be true. The traditional permeable mix had a permeability of 44 in/min compared 
to PEPM’s permeability of 31 in/min. The difference is 13 in/min, proving that a pervious 
concrete mixture designed with PEM will percolate less water than traditional pervious concrete. 
A two sample T-test was conducted on the permeability data.  First, both permeability 
data sets were plotted in a normal probability plot which showed that the normal assumption was 
reasonable for each data set, see Figure 13. 
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   (a)      (b) 
Figure 13. (a) Normal probability plot for the Traditional Permeable Mixture and (b) PEPM   
permeability normal probability plot. 
 
Then, a box plot for each data set was constructed.  From the box plot in Figure 14 it was clear 
that the means appear to be different for each data set. 
 
 
Figure 14. Permeability box plot for traditional permeable mixtures and PEPM mixtures. 
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In order to conduct a test of hypothesis of the mean on the two data sets we needed to know if 
the variance could be assumed to be equal.  Bartlett’s test was conducted, seen in Table 8, and 
had a P-Value of 0.36, which means that the null hypothesis that the variances are equal is not 
rejected. 
Table 8. Permeability Bartlett Test Results. 
Test Information   
H0: Variance 1 = Variance 2 = ... = 
Variance k   
Ha: At least one pair Variance i ≠ Variance 
j   
   
Results Traditional PEPM 
Count 9 9 
Mean 10.544 14.927 
Median 10.460 14.470 
StDev 1.336 1.869 
AD Normality Test P-Value 0.3639 0.1089 
   
Bartlett's Test Statistic 0.833522  
P-Value 0.3613  
   
   
Multiple Comparison of Variances   
F-Test Pairwise Probabilities Traditional PEPM 
Traditional  0.3615 
PEPM     
 
Then a two sample T-test was conducted assuming equal variance and the results are given in 
Table 9.  The results clearly indicate the difference in the mean permeability values is 
statistically significant when alpha=0.05 level.  
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Table 9. Permeability two sample T-Test Results. 
2 Sample T-Test   
   
Test Information   
H0: Mean Difference = 0  
Ha: Mean Difference Not Equal To 0 
Assume Equal Variance  
   
Results: Traditional PEPM 
Count 9 9 
Mean 10.544 14.927 
Standard 
Deviation 1.336 1.869 
   
Mean Difference -4.382  
Std Error 
Difference 0.765909  
DF 16  
t -5.722  
P-Value (2-sided) 0.0000  
 
While the difference is statistically different, both sets of data also comply with ACI for 
permeable concrete. The ACI Report on Pervious Concrete acknowledges to achieve satisfactory 
percolation in pavement a minimum porosity of approximately 15% is required. Using the 
relationship of water percolation versus air content provided by ACI in Figure 12, an air content 
for both mixes can be estimated. 
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Figure 12. Water percolation versus air content (American Concrete Institute, 2020). 
 
Using Figure 12, the air content in the traditional and PEPM, respectively, are estimated to be 
30% and 27%. Both air content percentages prove to be above the 15% limit, thus, a PEM 
designed pervious concrete will still maintain the necessary permeability/percolation/air content 
to uphold its pervious feature. 
 
Compressive Strength 
While the addition of fine aggregates did affect the permeability, the addition of fine 
aggregates can also cause an increase the compressive strength (American Concrete Institute, 
2020). Figure 8 shows in the case of the PEPM, the compressive strength is not greater than the 
mix design without fine aggregates. The figure does show a gradual trend in the PEPM’s 
compressive strength of cylinders, whereas the traditional permeable mixture dips in strength on 
day 28. This lower twenty-eight-day strength is unexplainable. However, it can be concluded a 
pervious mixture designed within the Tarantula Curve will produce a lower strength concrete 
than a traditional pervious mixture. 
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Statistically, for each day, seven, fourteen, and twenty-eight, the compressive strengths 
can be compared. First, box plots were created for each day’s values. Figure 15 shows the box 
plot for the traditional permeable mixture and the PEPM for each day’s breaks. Caution should 
be taken due to only having three samples for each day. Results from such small samples can 
sometimes be misleading. As with the permeability data, a hypothesis test of the mean is 
conducted on the two data sets for each day, but first it is needed to know if the variance could 
be assumed to be equal. Bartlett’s test was used for all the three different day breaks. Table 10 
shows the results of the Bartlett test for the seven-day breaks. The fourteen- and twenty-eight-
day Bartlett results are shown in Appendix C and the P-values are summarized in Table 11.  
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(c) 
Figure 15. (a) Day 7, (b) Day 14, and (c) Day 28 compressive strength box plots for traditional 
permeable mixtures and PEPM mixtures. 
 
Table 10. 7 Day Bartlett Test Results. 
Test Information   
H0: Variance 1 = Variance 2 = ... = Variance k   
Ha: At least one pair Variance i ≠ Variance j   
   
Results Traditional  PEPM 
Count 3 3 
Mean 1561.7 848 
Median 1869 890 
StDev 610.12 163.11 
AD Normality Test P-Value 0.1073 0.4291 
   
Bartlett's Test Statistic 2.224  
P-Value 0.1358  
   
   
Multiple Comparison of Variances   
F-Test Pairwise Probabilities Traditional PEPM 
Traditional Permeable Mixture  0.1334 
PEPM     
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Table 11. Bartlett Test P-Value for all three breaking days. 
Days After Batched Bartlett Test P-Value 
7 0.1358 
14 0.9727 
28 0.9357 
 
In all three cases, the P-Values for Bartlett’s test are greater than 0.05, meaning we fail to reject 
the null hypothesis that the variances are equal; in other words, the test shows there is not 
evidence to declare the variances to be unequal for this small sample size.  The Anderson-
Darling Test P-values, seen in Table 12, are also greater than 0.05 indicating the sample data are 
normal. Since the assumption of normality is met, Bartlett’s test is the appropriate test to use. If 
either of the samples have a low P-Value for the Normality test, then Levene’s test should be 
used. 
 
Table 12. AD Normality Test P-Value for all three breaking days. 
Days After Batched AD Normality Test P-Value Traditional PEPM 
7 0.1073 0.4291 
14 0.1248 0.1490 
28 0.4078 0.0565 
 
Then a two sample t-test was done for each day comparisons. Table 13 depicts the results of the 
seven-day, and the other results can be found in Appendix C.  
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Table 13. 7 Day Two sample T-Test Results. 
2 Sample T-Test   
   
Test Information   
H0: Mean Difference = 0  
Ha: Mean Difference Not Equal To 0 
Assume Equal Variance  
   
Results: Traditional PEPM 
Count 3 3 
Mean 1561.7 848 
Standard 
Deviation 610.12 163.11 
   
Mean Difference 713.67  
Std Error 
Difference 364.62  
DF 4  
t 1.957  
P-Value (2-sided) 0.1219  
   
   
Since all three break days had P-Values greater than 0.05, there is not enough statistical evidence 
to reject the null hypothesis for each day, which stated the mean compressive strength was equal.  
 
Flexural Strength 
 The results of the 3-point beam test proved to show minor observations regarding the 
flexural strength. Unlike the compressive strengths, the PEPM had a higher modulus of rupture 
for all the breaks. It can be observed the PEPM causes a higher flexural strength than a 
traditional pervious mixture. Both mixtures did present an unexplainable decrease in flexural 
strength on the twenty-eighth day. More investigation outside the scope of this report could be 
done to determine why.  
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When analyzed statistically, the flexural strengths yielded similar results to the 
compressive strength statistical analysis. For flexural strength, samples sizes were even smaller 
(2 samples per break day). With only two samples, there is not enough data to do a formal test 
for normality.  Assuming the data follows a normal distribution, a Bartlett’s test and a two 
sample t-test on the mean flexural strength were constructed. The box plots for each day breaks 
are shown in Figure 16. The detailed Bartlett tests and two sample t-tests can be found in 
Appendix D. The summarized results from the two tests are represented in Table 14.  
 
   
(a)         (b) 
 
(c) 
Figure 16. (a) Day 7, (b) Day 14, and (c) Day 28 flexural strength box plots for traditional 
permeable mixtures and PEPM mixtures. 
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Table 14. Bartlett Test P-Value and Two Sample T-Test P-Value for flexural strength. 
Days After Batched Bartlett Test P-Value Two Sample T-Test P-Value 
7 0.1764 0.2351 
14 0.9052 0.3745 
28 0.0983 0.8855 
 
All the P-Values for Bartlett’s test are greater than 0.05, meaning we fail to reject the null 
hypothesis that the variances are equal. This test shows we do not have evidence to show the 
variances are unequal for this small sample size. As seen in the compressive strength analysis, all 
three break days had two sample t-test P-Values greater than 0.05, thus there is not enough 
statistical evidence to reject the null hypothesis for each day, which stated the mean flexural 
strength was equal.  To summarize, the difference in mean flexural strength for each test 
sequence (7-day, 14-day, and 28-day) between the traditional permeable mix and the PEPM is 
not statistically significant. 
 
CONCLUSION & RECOMMENDATION 
The scope of this research sought to evaluate the application of PEM concepts to pervious 
concrete. First, it was proven designing a gradation within the PEM Tarantula Curve will still 
produce a permeable concrete. The starkly different gradation, with the addition of fine 
aggregates and sand, still allowed for an acceptable percolation rate and estimated air void 
content. Workability proved to be a consistent property between both the mixtures. Changing the 
gradation approach produced a similar workability measure of “excellent” according to the U-
Slump test. Although the box-plots appear to show that PEM-designed pervious mix will have a 
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lower compressive and a higher flexural strength, statistically (based on the small sample size) 
we must conclude that the difference in mean strength is not significant between the two 
mixtures. To know whether a decrease in compressive and flexural strength would be acceptable, 
a specific application would need to be considered. The strengths in a structural design 
application would need to be used to fully see the effects of the differences of strengths.   
Based on the data in this report, it has been demonstrated that PEM techniques can be 
applied to pervious concrete to make a new mix. The PEPM maintained its characteristics of 
permeability and workability. From a strength perspective, the data is not compelling due to 
small sample sizes. 
 This study highlights the need for more research pertaining to performance engineered 
permeable concrete, specifically: 
• A more thorough investigation on testing methods, e.g. permeability, workability, and 
strength, should be conducted to establish standardized procedures developed 
specifically for permeable mixes. 
• An increased sample size is needed to more accurately test the differences in the 
strengths of permeable mixes. Increasing the sample size is necessary to reduce 
variability in data.  
• It was not determined which mix design would be preferred. Moving forward, mixture 
properties should be used in design scenarios to demonstrate which mix design is more 
suitable and desirable for real-life applications.  
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APPENDICES A-D 
Appendix A: 
The specific Excel spreadsheet used to achieve the factored aggregate gradation for the PEPMD. 
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Appendix B: 
The NRMCA’s Pervious Concrete Mixture Requirements excel sheet used.  
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Appendix C: 
Additional tables and figures for the compressive strength statistical analysis. 
 
Table C-1. 14 Day Bartlett Test Results 
Test Information   
H0: Variance 1 = Variance 2 = ... = 
Variance k   
Ha: At least one pair Variance i ≠ Variance 
j   
   
Results Traditional PEPM 
Count 4 3 
Mean 1340.3 988 
Median 1375 1179 
StDev 393.59 416.73 
AD Normality Test P-Value 0.1248 0.1490 
   
Bartlett's Test Statistic 0.007  
P-Value 0.9357  
   
   
Multiple Comparison of Variances   
F-Test Pairwise Probabilities Traditional PEPM 
Traditional  0.8659 
PEPM     
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Table C-2. 14 Day Two sample T-Test Results. 
2 Sample T-Test   
   
Test Information   
H0: Mean Difference = 0  
Ha: Mean Difference Not Equal To 0 
Assume Equal Variance  
   
Results: Traditional PEPM 
Count 4 3 
Mean 1340.3 988 
Standard 
Deviation 393.59 416.73 
   
Mean Difference 352.25  
Std Error 
Difference 307.80  
DF 5  
t 1.144  
P-Value (2-sided) 0.3043  
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Table C-3. 28 Day Bartlett Test Results 
Test Information   
H0: Variance 1 = Variance 2 = ... = 
Variance k   
Ha: At least one pair Variance i ≠ Variance 
j   
   
Results Traditional PEPM 
Count 4 3 
Mean 1383.3 1227 
Median 1353 1147 
StDev 135.24 138.56 
AD Normality Test P-Value 0.4078 0.0565 
   
Bartlett's Test Statistic 0.001  
P-Value 0.9727  
   
   
Multiple Comparison of Variances   
F-Test Pairwise Probabilities Traditional PEPM 
Traditional  0.9025 
PEPM     
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Table C-4. 28 Day Two sample T-Test Results. 
2 Sample T-Test   
   
Test Information   
H0: Mean Difference = 0  
Ha: Mean Difference Not Equal To 0 
Assume Equal Variance  
   
Results: Traditional PEPM 
Count 4 3 
Mean 1383.3 1227 
Standard 
Deviation 135.24 138.56 
   
Mean Difference 156.25  
Std Error 
Difference 104.32  
DF 5  
t 1.498  
P-Value (2-sided) 0.1944  
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Appendix D: 
Additional tables and figures for the flexural strength statistical analysis. 
 
Table D-1. 7 Day Bartlett Test Results 
Test Information   
H0: Variance 1 = Variance 2 = ... = 
Variance k   
Ha: At least one pair Variance i ≠ Variance 
j   
   
Results Traditional PEPM 
Count 2 2 
Mean 228.74 286.48 
Median 228.74 286.48 
StDev 6.223 48.218 
AD Normality Test P-Value 0.2267 0.2267 
   
Bartlett's Test Statistic 1.828  
P-Value 0.1764  
   
   
Multiple Comparison of Variances   
F-Test Pairwise Probabilities Traditional PEPM 
Traditional  0.1634 
PEPM     
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Table D-2. 7 Day Two sample T-Test Results. 
2 Sample T-Test   
   
Test Information   
H0: Mean Difference = 0  
Ha: Mean Difference Not Equal To 0 
Assume Equal Variance  
   
Results: Traditional PEPM 
Count 2 2 
Mean 228.74 286.48 
Standard 
Deviation 6.223 48.218 
   
Mean Difference -57.735  
Std Error 
Difference 34.378  
DF 2  
t -1.679  
P-Value (2-sided) 0.2351  
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Table D-3. 14 Day Bartlett Test Results 
Test Information   
H0: Variance 1 = Variance 2 = ... = 
Variance k   
Ha: At least one pair Variance i ≠ Variance 
j   
   
Results Traditional PEPM 
Count 2 2 
Mean 253.84 315.14 
Median 253.84 315.14 
StDev 49.992 57.855 
AD Normality Test P-Value 0.2267 0.2267 
   
Bartlett's Test Statistic 0.014  
P-Value 0.9052  
   
   
Multiple Comparison of Variances   
F-Test Pairwise Probabilities Traditional PEPM 
Traditional  0.9073 
PEPM     
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Table D-4. 14 Day Two sample T-Test Results. 
2 Sample T-Test   
   
Test Information   
H0: Mean Difference = 0  
Ha: Mean Difference Not Equal To 0 
Assume Equal Variance  
   
Results: Traditional PEPM 
Count 2 2 
Mean 253.84 315.14 
Standard 
Deviation 49.992 57.855 
   
Mean Difference -61.300  
Std Error 
Difference 54.067  
DF 2  
t -1.134  
P-Value (2-sided) 0.3745  
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Table D-5. 28 Day Bartlett Test Results 
Test Information   
H0: Variance 1 = Variance 2 = ... = 
Variance k   
Ha: At least one pair Variance i ≠ Variance 
j   
   
Results Traditional PEPM 
Count 2 2 
Mean 230.71 236.68 
Median 230.71 236.68 
StDev 3.345 51.732 
AD Normality Test P-Value 0.2267 0.2267 
   
Bartlett's Test Statistic 2.733  
P-Value 0.0983  
   
   
Multiple Comparison of Variances   
F-Test Pairwise Probabilities Traditional PEPM 
Traditional  0.0822 
PEPM     
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Table D-6. 14 Day Two sample T-Test Results. 
2 Sample T-Test   
   
Test Information   
H0: Mean Difference = 0  
Ha: Mean Difference Not Equal To 0 
Assume Equal Variance  
   
Results: Traditional PEPM 
Count 2 2 
Mean 230.71 236.68 
Standard 
Deviation 3.345 51.732 
   
Mean Difference -5.975  
Std Error 
Difference 36.656  
DF 2  
t -0.163000  
P-Value (2-sided) 0.8855  
  
